This version of the article may not be posted on a public website for 12 months after
The sympathoadrenal lineage of the neural crest gives rise to the chromaffin cells of the adrenal medulla and the carotid body. Although they share a common developmental origin, the two neuronal cell types become specialized for different physiological roles. The adrenal medulla (AM) is involved in catecholamine release in response to stress. The carotid body (CB) is an arterial chemoreceptor composed of modified neurones, the glomus type I cells, that respond to hypoxia by closing specific K + channels and releasing neurotransmitters to activate sensory axons (Gonzalez et al. 1994; Peers, 2004) . In turn, the neural processing of this signal sets the appropriate respiratory response.
We are interested in the process of oxygen sensing by CB chemoreceptor cells. This process is turned on after birth in mammals, and accounts for the respiratory and cardiovascular compensatory adaptations organized in response to both acute (lasting seconds to minutes) hypoxia (Prabhakar, 2000) and the sustained hypoxia experienced during acclimatization to high altitudes (Bisgard, 2000) . In spite of the detailed knowledge of the electrophysiological and neurochemical changes in CB function generated by hypoxia (Gonzalez et al. 2003) , the molecular nature of the components of the signalling cascade responsible for the hypoxic response is partially known (Prabhakar, 2001; Paulding et al. 2002) .
In this work we have undertaken a global survey of hypoxia-dependent transcriptional changes to search for the components of the functional module of proteins participating in the physiological response to low P O 2 . In order to uncover genes differentially expressed in CB cells, we use the hybridization of CB mRNA with oligonucleotide microarrays of mouse genes. The transcripts are obtained from mice that were exposed to either normoxia (21% O 2 ) or to physiological hypoxia (10% O 2 ) for 24 h. The transcriptional profiles obtained J Physiol 566.2 for CB cells under these environmental conditions are compared and subtracted from the profile of control (non-chemoreceptor) AM cells exposed to the same P O 2 conditions. The subsequent bioinformatical analysis reveals genes involved in the hypoxic response.
Methods
Congenic C57BL/6J01aHsd littermate female mice of 12 weeks of age were obtained from Harlan Laboratories. The experimental procedures were approved by the Animal Care and Use Committee of the University of Valladolid.
Three experiments were performed. In each, two groups of five mice were subjected to normoxia (21%) or hypoxia (10%), for 24 h in a modified plethysmography cage. The groups subjected to normoxia or hypoxia will hereafter be referred to as control and experimental groups. All animals were maintained on a 12 h-light cycle, with food and water ad libitum during the experimental period.
After the experiment, mice were killed by cervical dislocation and the adrenal medulla and carotid bodies were dissected and stored in RNAlater TM (Ambion) at 4
• C prior to the RNA purification step carried out 24 h later. The organs from each experiment were pooled according to each experimental condition. All the carotid body organs (a total of 10 per experimental group) were used for the RNA preparation. Only one adrenal medulla from each mouse (a total of 5 per group) was used, to compensate for the tissue size difference. The remainder of the adrenal medulla samples were stored at -20
• C in RNAlater for future use.
RNA purification, amplification and labelling
RNA was purified from the tissue samples using the RNAqueous kit (Ambion), which included a DNAseI treatment to avoid genomic DNA contamination. The quality and purity of the adrenal medulla RNA was assayed by OD measurement at 260 and 280 nm and by electrophoresis on agarose gels. The RNA yields from carotid body samples were too low for detection on gels (approximately 200 ng/10 carotid bodies). An assumption was made that the quality would be similar to the adrenal medulla sample processed in parallel. The whole carotid body total RNA preparation proceeded directly to the amplification phase. Five hundred nanograms of adrenal medulla total RNA was used for amplification.
Two rounds of linear amplification by in vitro transcription were performed following a protocol based on the 'Eberwine method' (Eberwine et al. 1992) . Briefly, double stranded cDNA was synthesized using the total RNA as template primed with an oligonucleotide containing the T7 RNA polymerase recognition site plus an oligo-dT segment in order to select for the polyA-mRNA population. After purification, this cDNA was in vitro transcribed resulting in the first amplification step. A second round of amplification followed, using 500 ng of the amplified RNA from each sample. Then, a first strand of cDNA was synthesized from the amplified RNA using random hexamers as primers. This resulted in an estimated average size of cDNA fragments of 600 bp. The second cDNA strand was primed with the T7-oligodT primer and the fragments produced were subjected to in vitro transcription using a biotinylated mix of nucleotides. Therefore, we were linearly amplifying fragments of similar size from the 3 ends of the mRNAs present in the original sample. The biotinylated RNA was ready for hybridization to the chips.
We used the MessageAmp kit (Ambion) for the first round of amplification and the generation and purification of cDNA from the amplified RNA. The Enzo kit (Affymetrix) was used for the second in vitro transcription RNA amplification and biotin labelling.
Oligonucleotide array hybridization and detection
Fifteen micrograms of the biotinylated and fragmented probes were hybridized to Affymetrix GeneChip Mouse MOE430A arrays at 45
• C for 16 h, following the manufacturer's protocols. After washes, the arrays were labelled with anti-biotin-streptavidin-phycoerythrin antibody and scanned with an Agilent Gene Scanner G2500A.
Microarray data analysis
The analysis of single array gene expression and the comparative expression between samples was performed with the statistical algorithms implemented in the Affymetrix Microarray Analysis Suite v5.0 (MAS 5.0). Global scaling was carried out for each pair of probe arrays using an arbitrary target intensity of 100. The MAS 5.0 statistically determined the presence of a transcript on a given chip (detection P-value cut-offs α 1 and α 2 were 0.05 and 0.065, respectively). The detection call (presence, P, versus absence, A) was used to assemble the gene expression profile of each tissue under study.
After robust normalization with a perturbation factor of 1.1, the signal intensity values for each pair of control/experimental arrays in a given experiment were used to estimate a change P-value and its associated change call in gene expression. A quantitative estimation of the change in gene expression was derived from the signal-log ratio value calculated in MAS 5.0. Only genes that showed consistent change calls in their expression in the three experiments were selected for further study.
In parallel to the above MAS 5.0-based analysis, we performed an automatic study in GenePublisher (www.cbs.dtu.dk/services/GenePublisher) (Knudsen et al. 2003) in order to compare both types of analysis and extract the most significant changes in gene expression.
Descriptions for genes selected for analysis were obtained from the Affymetrix Analysis Center. Data mining with gene ontology classification of the selected transcripts, and gene ontology comparisons between tissues were carried out in the FatiGO server (http://fatigo.bioinfo.cnio.es/) (Al-Shahrour et al. 2004) .
The software PATHWAYASSIST and the ResNet TM database (Stratagene) were used to explore the networks of interactions where the physiological hypoxia-regulated genes are potentially involved.
Real time RT-PCR analysis
Total RNA was extracted from normoxic and hypoxic adrenal medulla with the RNaqueous micro kit (Ambion). The RNA samples were treated with deoxyribonuclease I (Ambion) to avoid contaminating genomic DNA (given the intronless nature of the mouse GAPDH gene). cDNA synthesis was performed with MuLV-RT from 1 µg total RNA. Primer sets and TaqMan probes for two selected control genes were: mGAPDH: 5 -TGTGTCCGTCGTGGATCTG-3 , 5 -GAT-GCCTGCTTCACCACCTT-3 and 5 -FAM-TGGAGAAA-CCTGCCAAGTATGATGACATCA-BHQ2-3 ; mGus: 5 -CAATGGTACCGGCAGCC-3 , 5 -AAGCTAGAAGG-GACAGGCATGT-3 and 5 -FAM-TACGGGAGTCGGG-CCCAGTCTTG-BHQ2-3 . Real-time amplifications were carried out in a Rotor-Gene RG3000 (Corbett Research) thermocycler.
Primer sets and TaqMan probes for experimental genes (Agouti-related protein, Peroxisomal 3, and Serpinh1) were obtained as 'Assays-on-demand' kits Mm00475829 g1, Mm00478725 m1, and Mm438056 m1 from ABI.
Amplifications were performed in 25 µl final volume, using 12.5 µl of Absolute QPCR dUTP mix (ABgene), 0.5 µl of UNG (1 µ µl −1 , ABI), 1 µl of the corresponding primer/probe mix and 1 µl of template DNA (70 ng µl −1 ). Cycling conditions were: 2 min at 50
• C, 15 min at 95
• C, and 40 cycles of 95
• C for 15 s followed by 60
• C for 1 min. Amplification efficiencies for all the genes studied were determined by serial dilutions of template cDNA. All samples were amplified in triplicates and the mean critical threshold (C T ) value for each transcript was normalized to m-Gus because of its constant expression in our microarray experiments, and the lack of a reported regulation by changes in environmental P O 2 . As reaction efficiencies were similar (differences < 0.1), the C T method (Livak & Schmittgen, 2001 ) was used to study variations in gene expression in the two conditions tested (normoxia and hypoxia).
Results

Experimental design
The transcriptional profiles of tissues and cells exposed to low P O 2 levels have been already documented using microarray chip technologies (e.g. Beitner-Johnson et al. 2001; Gilbert et al. 2003; Hoshikawa et al. 2003; Koike et al. 2004; Aravindan et al. 2005) . However, the low P O 2 levels (< 20 mmHg), sometimes strict anoxia, used in some studies trigger a general cellular stress response in every tissue.
We are interested in the transcriptional changes generated by levels of hypoxia that would only generate a response in chemosensory organs. This range of P O 2 , about 10% (70 mmHg) for CB chemoreceptor cells, is considered a physiological hypoxia (Gonzalez, 1998) , and mimics the oxygen levels found by an organism at high altitude. Thus, the selection of this P O 2 will allow us to differentially identify the molecular components of the signalling cascade related to the sensitivity to physiological hypoxia.
We have selected for this study a hypoxia level of 10% P O 2 that produces compensatory hyperventilation reflexes without generating a broad hypoxic cellular stress. The respiratory response to this P O 2 level on C57BL/6J01aHsd mice was verified by plethysmography (results not shown). We selected a sustained hypoxia protocol because it mimics the P O 2 stimulus that an organism experiences upon exposure to high altitude (at around 5000 meters above sea level). The selection of 24 h as the time of exposure for the experiments was due to the reported decline in transcription of hypoxia-regulated genes after 24 h of hypoxia treatment (Czyzyk-Krzeska et al. 1994) .
The selection of the adrenal medulla as a control tissue for subtractive filtering of the CB array data is based on their common developmental origin, their neural and catecholamine-releasing phenotype, and their differential sensitivity to changes in environmental P O 2 . During embryonic life, the AM chromaffin cells respond to low P O 2 to secrete catecholamines (Slotkin & Seidler, 1988) . However, in adult life the AM cells are not sensitive to hypoxia levels in the physiological range for a chemoreceptor (Thompson & Nurse, 2000) . Moreover, this hypoxia level fails to induce the transcription of tyrosine hydroxylase (TH), the limiting enzyme of the catecholamine synthesis pathway, in AM and superior cervical ganglion cells, while triggering a consistent increase in transcription in CB chemoreceptor cells (Czyzyk-Krzeska et al. 1992) .
General description of microarray parameters
The two rounds of linear amplification rendered around 30 µg of double stranded cDNA, with 260/280 absorbance ratios of 2.02-2.08 indicating a high level of RNA purity. The preparation of total RNA showed tight and clear bands at the expected size for the ribosomal RNA with no signs of degradation.
The quality for the hybridization signals obtained in the microarrays was evaluated through the standard Affymetrix guidelines. Table 1 shows these parameters. The M/3 values measured in the mouse GAPDH control probe sets point to a good amplification of the transcripts. The 5 /3 ratio was not used since we are
Figure 1. Gene ontology comparisons of CB and AM gene expression under normoxic conditions
A, general ontology classification of CB-expressed genes in two ontology terms. B, comparisons of GO distributions among CB and AM-specific genes. The P-values calculated for each comparison represent the statistical significance of the paired distributions, as evaluated with Fisher's exact test for 2 × 2 contingency tables with a P-value adjusted for multiple testing using the FDR procedure (Reiner et al. 2003) . Only those GO terms with significant differences (P < 0.05) are shown in the figure. amplifying fragments from the 3 end of each mRNA. The percentage of present (P) calls (average 50.2%) is also in the accepted range by Affymetrix. The reliability index for triplicates is 0.98, which indicates an adequate level of reproducibility. This is also evidenced by the number of concordant calls in the triplicates, which averages 84.2%.
Gene expression profiles of carotid body and adrenal medulla under normoxia
The detection call assigned by MAS 5.0 revealed 9286 transcripts of the MOE430A chip expressed in the mouse CB, and 9975 transcripts expressed in AM.
The gene expression profiles of the two organs (genes with P calls in the three chips) were studied by gene ontology (GO) classification (as defined by the GO consortium, www.geneontology.org; Ashburner et al. 2000) . The overall profiles show a similar GO distribution in the three general ontology classes. Figure 1A shows this distribution for CB as an example.
A remarkably different pattern was observed after exclusion of genes expressed in both organs. This procedure rendered 800 genes specifically expressed in CB, while 1449 genes were found to be AM-specific. These profiles show significant differences in their distribution of (Fig. 1B) . Differences were evaluated with Fisher's exact test for 2 × 2 contingency tables with the P-value adjusted for multiple testing using the false discovery rate procedure (Reiner et al. 2003) . Classification according to the cellular compartment ontology level showed a higher proportion of CB-specific gene products associated with the extracellular space and matrix, while AM gene expression resulted in a higher abundance of intracellular proteins.
Of special interest for this work was an enrichment of CB gene expression in genes related to cell communication and response to stimulus (biological process ontology), and metal-ion binding, protein binding, and receptor activity (molecular function ontology) (Fig. 1B) .
Analysis of carotid body gene expression in response to physiological hypoxia
We selected probe sets that consistently showed a change in expression in the three experiments based on the change calls (increase, I; decrease, D; or no change, NC) generated by MAS 5.0 (see Methods). The change calls defined as medium increment (MI) or medium decrement (MD) were considered as NC. Entries with three equivalent change calls were considered for further analysis. The selection of CB genes showing changes in gene expression under hypoxia treatment provided a list of 404 probe sets that increased their expression, and 391 probe sets that decreased their expression.
Because of the non-chemosensory nature of several cell types present in the whole CB tissue used for our array experiments, we designed a subtractive analysis of the transcriptional changes obtained in response to physiological hypoxia. We selected the probe sets in AM chips with consistent changes in gene expression upon physiological hypoxia. Sixty-three probe sets present in AM cells showed an increased gene expression, while 177 probe sets reduced their expression in response to hypoxia.
A fundamental, though expected, conclusion can be deduced from these numbers when compared to those obtained for CB ( Fig. 2A) : the adult carotid body is more sensitive than the adrenal medulla to physiological hypoxia, corroborating the 'adequate' stimuli classical theory (Sherrington, 1947) , and this sensitivity is reflected in assessable transcriptional changes.
The genes showing hypoxia regulation in nonchemosensory tissues were then subtracted from the CB gene list in order to highlight physiological hypoxia-specific CB genes. After performing this specificity filter, we ended up with 388 probe sets with increased, and 363 probe sets with decreased, signal. The GO classification of the genes regulated specifically in the CB reveals genes mainly related to protein and nucleotide binding, hydrolase activity, and interestingly in the context of oxygen sensing, genes related to metal ion binding and oxidoreductase activity (Fig. 2B) .
A comparison of the ontology terms that define the hypoxia up-and down-regulated CB genes demonstrated significant differences (asterisks in Fig. 2B ) in genes participating in nucleotide binding, in the structural constituent of the ribosome (both more abundant in the up-regulated gene list), and in transferase activity (more abundant in the down-regulated gene list). A catalogue of hypoxia-regulated CB genes with consistent change calls, change fold > 2.5, and change P-values < 0.001 is shown in Table 2 .
Although the absent (A) call assigned by MAS 5.0 to some probe sets might be due to unreliable hybridization, we studied those probe sets with concordant absent calls (three A) in either control or experimental CB chips that consistently change their expression in the opposing O 2 condition in a tissue-specific manner. This strategy identifies CB genes that are switched-ON and -OFF under physiological hypoxia. We found 18 genes switched-ON and 3 genes switched-OFF in CB (Table 3) .
Besides cataloguing CB genes regulated by hypoxia, we looked at the functional interactions between those genes in order to highlight putative signalling cascades involved in the hypoxic response. Using the software PATHWAYASSIST and the ResNet TM database we mined CB hypoxia-regulated genes identified in our microarray experiments that bear direct functional interactions with molecules known to be players in the chemoreception pathway in the CB. Figure 3 shows, as an example, the interaction network resulting from selecting genes functionally related to the neurotransmitters dopamine, acetylcholine and adenosine, and the angiogenic peptide endothelin. Other networks identified for VEGF, NO and H 2 O 2 are presented as online Supplemental material.
Array validation by real-time RT-PCR
Three genes were selected for qRT-PCR experiments based on their consistent change in expression under hypoxia in both organs studied, as determined by the array experiments. Two control genes were selected for standardization of gene expression: glyceraldehyde 3 phosphate dehydrogenase (GAPDH) and β-glucuronidase (Gus), based on their presumed lack of transcriptional regulation under the experimental conditions tested in our experiments. However, GAPDH, though widely used as a standard for quantitative gene expression studies, is known to change its transcriptional levels under hypoxia (Zhong & Simons, 1999) . Our array experiments showed a mild increase in GAPDH expression (1.2-fold) in response to physiological hypoxia.
The lack of change of Gus in response to physiological hypoxia in our arrays led us to select this gene as a control for normalization. Figure 4 shows the qRT-PCR results, after normalization, in comparison with the transcriptional changes evidenced by the chip arrays. The fold-changes obtained in these experiments are comparable to those obtained in the array experiments for each gene studied. This demonstrates the reliability of the arrays hybridization, and supports the biological information extracted from the data.
Discussion
This work represents a genomic-scale approach aimed at the identification of genes that show a regulated expression under physiological hypoxia in CB chemoreceptor cells.
We have to take into account that the tissues used for generating the hybridizing probes for our arrays are composed of several cell types. Thus, the transcriptional profiles we have obtained correspond in the CB to those of type I chemoreceptor cells, type II glia-like sustentacular cells, and blood vessel cells. In the AM they represent chromaffin cells, blood vessel cells, and some sympathetic neurones.
Both the CB type II cells and the chromaffin AM cells do not respond to physiological hypoxia (Lopez-Barneo et al. 1988; Thompson & Nurse, 2000) . Also, the sympathetic neurones of the AM have not been reported to be oxygen sensors in the hypoxia range applied in our experiments. Thus, only blood and blood vessel cells, some of them known to respond to physiological hypoxia (Weir et al. 2002) , might be obscuring the transcriptional changes of CB chemosensory cells. However, the analytical substraction of hypoxia-regulated genes from AM is expected to enrich the search by revealing genes involved in hypoxic transduction in CB cells.
Several laboratories have established that the effects on gene regulation upon environmental oxygen changes are associated with changes in the redox state of the cell. As an example, exposure to 10% O 2 of a hypoxia-tolerant fish revealed, in several tissues, up-regulated genes such as lactate dehydrogenase A, enolase, triosephosphate isomerase, haeme-oxygenase-1, ferritin, transferrin, glucose-6-phosphatase, IGFBP-1, Erb-B2, and the MAP-kinase MKP-1 (Gracey et al. 2001) . Similarly, both transcriptional and post-transcriptional regulation of several genes have been demonstrated in oxygen-sensing cells (reviewed by Seta & Millhorn, 2004) . Genes such as the angiogenic factor VEGF, the dopamine D 2 receptor, the potassium channel Kvα1.2, the vascular endothelium EPAS-1 (HIF-2α), erythropoietin, c-fos, Bnip-3 and serpine1 are reported to be up-regulated by very low (1-2%) O 2 levels (Premkumar et al. 2000 Millhorn, 2004) . Many of these changes in expression are linked to the stabilization of the transcription factor HIF-1α, which organizes the early response to extreme decreases in O 2 (reviewed by Sharp & Bernaudin, 2004) . Also, NF-κB transcription and function is affected by oxygen, and thus by the intracellular redox state (reviewed by Haddad, 2004) . A twofold change in TH expression is reached after 1 h exposure to 5% O 2 in PC12 cells (Czyzyk-Krzeska et al. 1994) . Also, moderate hypoxia levels (10% O 2 ) up-regulate the CB transcription of TH (reviewed by Millhorn et al. 2000; Paulding et al. 2002) .
Because of these studies, we searched our microarray CB data for changes in genes known to change their expression under hypoxia. We found consistent changes in the expression level under physiological hypoxia of: TH (1.84-fold increase), ferritin (2.16-fold increase), and triosephosphate isomerase (2.01-fold increase). A group of genes known to increase their transcription in response to hypoxia showed analogous but non-consistent changes in our CB microarray experiments. The genes c-fos, Bnip-3, serpine1, lactate dehydrogenase A, and MKP-1 have two I and one NC change calls in our experiments. However, the transcriptional regulation of these genes occurs under more extreme hypoxic conditions.
The ventilatory acclimation occurring under maintained and moderate hypoxia is associated with a sensitization of CB chemosensory cells. These processes participate in the physiological adaptation of organisms to high-altitude environments. Under these conditions, the CB experiences a hyperplasia due to an increase in the number and size of chemosensory cells (Arias-Stella & Valcarcel, 1976; Laidler & Kay, 1978) . Moreover, an increase in expression of Na + channels and connexin 43, as well as in neurotransmitter release and afferent discharges, are part of the response to sustained hypoxia (Gonzalez-Guerrero et al. 1993; Stea et al. 1995; Chen et al. 2002a) .
In this context, and though our experiments are not designed to reveal transcriptional changes related to chronic hypoxia and CB hyperplasia, we looked for regulated genes of potential interest for understanding the process of hypoxic chemotransduction in the CB cells. We focused on two main groups: (i) neurotransmitters and neurotransmitter receptors that have been reported to contribute to the low-P O 2 secretory response of the organ, and (ii) membrane ion channels that could participate in the early events of the hypoxic transduction cascade.
Given the prominent role of dopamine in the chemosensory process (Gonzalez et al. 1995) , and the reported hypoxia regulation of the enzyme TH (see above), we searched for genes involved in the catecholamine metabolism. As mentioned, TH consistently increased its expression in our arrays, and we found a moderate decrease in expression of the noradrenaline synthesizing enzyme dopamine β-hydroxylase. This suggests that physiological hypoxia favours the sustained presence of dopamine in the synaptic environment, where it functions as a neurotransmitter on afferent nerve endings. However, the dopamine D 2 receptor, which has been reported to be up-regulated by hypoxia (Huey & Powell, 2000 The gene endothelin I (ET-1) enhances the excitability of and has a mitogenic effect on CB glomus cells under chronic hypoxia (10% O 2 ), roles that have been ascribed to an up-regulation of the ET receptor A and ET-1 itself (Chen et al. 2002b,c) . Our results show the presence in mouse normoxic CB of ET-1, and of ET-2 and the ET-receptor B at a lower level. However, none of these genes showed regulation upon 24 h of exposure to hypoxia. Notwithstanding, the ET converting enzyme (ECE-1), a zinc metalloprotease involved in the processing of endothelins to biologically active peptides, increases its expression (1.73-fold) under physiological hypoxia. We found a similar effect of hypoxia on angiotensin. This is in agreement with the local angiotensin functional system that has been reported in the chemosensory cells of the CB (reviewed by Leung et al. 2003) , which is associated with up-regulation of angiotensin II receptors (AT1 type) upon chronic (7-28 days) hypoxia (Leung et al. 2000) . Angiotensinogen and the angiotensin-converting enzyme (ACE) are expressed in CB type I cells, and the ACE activity also increases under chronic hypoxia (Lam et al. 2004) . Our microarray data reveal that ACE increases 1.87-fold specifically in mouse CB in response to 24 h of physiological hypoxia. Also, it is important to mention that these two genes (ECE-1 and ACE) are, in fact, switched-ON in our experiments (see Table 3 ).
The up-regulation by hypoxia of the enzymes carrying out the proteolytic processing of both ET-1 and angiotensin I suggests a hypoxia-mediated control process that would result in local high levels of active angiotensin II in chemosensory cells. Of special interest for chemosensory transduction pathways is the common signalling pathway shared by ET-1 and angiotensin II, involving an IP 3 -mediated increase of [Ca 2+ ] i that could enhance CB chemosensory cells excitability.
Serotonin generates a higher excitability in CB cells (reviewed by Bisgard, 2000) and is possibly involved in the transduction of the hypoxia stimulus. Our expression profile data reveal that serotonin receptors 1a, 3a, and 2c are expressed in mouse CB, and that the 5HT 3a receptor expression is consistently down-regulated (1.55-fold) under 10% O 2 .
Adenosine receptor A 2a is expressed in rat CB chemoreceptor cells (Gauda et al. 2000) , and is up-regulated by chronic hypoxia in PC12 cells . Our data show A 2b to be present in normoxic mouse CB, in agreement with our experiments using A 2b blockers (S. Conde, A. Obeso & C. González, unpublished observations). However, this receptor appears moderately down-regulated by 10% P O 2 in our mouse arrays (two D and one NC change calls).
Also, CB cells show an up-regulation of VEGF and its receptor VEGFR-2 under chronic hypoxia in rat (Chen et al. 2003) . Our array data show the presence of VEGF-C and the receptors VEGFR-1, 2, and 4 in normoxic CB. However, only the VEGFR-1 is up-regulated upon 24 h of physiological hypoxia, as is also the case for CB under chronic hypoxia (Tipoe & Fung, 2003) . Regarding the hypoxic regulation of membrane ion channels, our microarray data reveal the up-regulation of the ATP-sensitive potassium channel Kir6.1 and the intermediate-conductance and Ca 2+ -activated K + channel Kcnn4.
The up-regulation (1.65-fold) of Kir6.1 is in agreement with knockout mice experiments that have implicated this channel in responses to metabolic stress by hypoxia and glucose deprivation (Seino & Miki, 2004) , its transcription being induced by hypoxia (Melamed-Frank et al. 2001) . Kcnn4 has been reported as a marker for cellular proliferation in vascular smooth muscle cells (Kohler et al. 2003) . This role agrees with the consistent up-regulation (2.16-fold) we detect for Kcnn4 in CB subjected to hypoxia, which in turn could underlie the potent angiogenic effect produced by hypoxia on CB (reviewed by Fung, 2003) .
Finally, we also found a consistent decrease (1.56-fold) in expression levels of the potassium channel modulatory subunit Kvβ1 (Kcnab1) by 10% O 2 . Kvβ associates with Kv1α subunits to induce fast inactivation in non-inactivating Kv1.1 and Kv1.5 channels, or to accelerate the fast inactivation of Kv1.4. Although these interactions were originally thought to be Kv1 subfamily-specific in heterologous systems, Kvβ subunits also interact with Kvα subunits in other subfamilies (Aimond et al. 2005 contradictory: while Kcnab1-deficient mice show alterations in the firing discharges of hipoccampal neurones due to a reduction in the proportion of fast inactivating current (Giese et al. 1998) , targeted disruption of Kcnab1 in myocardial cells results in a decreased membrane expression of Kv4.3 channels and increased membrane expression of Kv2.1 channels without altering Kv1 subunit-encoded currents (Aimond et al. 2005) . Clearly, in order to infer the functional role of its hypoxic down-regulation in our preparation, we will need to study the partners of Kcnab1 in CB cells and their cellular location. However, this down-regulation by sustained hypoxia, together with the fact that Kvb1.2 has been reported to confer oxygen sensitivity to Kv4.2 channels in heterologous systems (Perez-Garcia et al. 1999) , could reflect an important role of this gene in the regulation of hypoxic sensitivity.
These findings differ from those of our recent report (Perez-Garcia et al. 2004 ) demonstrating the expression of Kv2 and Kv3 subfamilies in mouse CB chemoreceptor cells, and the modulation of Kv3 by acute hypoxic exposure. Several Kv2 and Kv3 subfamily members were detected in our CB arrays in normoxia, but we found no changes in their expression in response to physiological sustained hypoxia. These results suggest that different sets of channels are transducing the response of CB chemoreceptor cells upon acute versus sustained hypoxia, as we have recently documented for rabbit CB glomus cells (Kääb et al. 2005) .
In summary, we present the first reported transcriptional profile of mouse CB in response to physiological sustained hypoxia. An interesting finding of our work is the fact that many of the genes we have identified as hypoxia regulated in CB are, in fact, functionally related to molecules known to be released by type I cells upon low O 2 stimulation (see Fig. 4 and Supplemental material). These results also suggest that given our whole-organ approach and the long-term hypoxia exposure used, our microarray experiments are identifying not only the genes directly regulated by oxygen, but other genes regulated by molecules released as a consequence of CB activation. Obviously, these genes can be present both in type I cells and vascular vessels, but the subtractive approach followed in the analysis suggests that their regulation is CB specific and that those genes present in vascular cells are changing their expression as a consequence of paracrine factors released by type I cells in response to physiological hypoxia. Additionally, our results identify a new group of CB ion channels experiencing transcriptional changes under hypoxia. The expression of these channels needs to be demonstrated in chemosensory cells, but their regulation after the analytical subtraction from other hypoxia-exposed tissues suggests they are present in CB neural cells.
The data generated in this analysis will lead to future testing of the role of the candidate genes using neurochemical and electrophysiological experiments at the cellular level. In addition, these experiments could exploit the potential of the mouse model system by using mice carrying mutations that will alter their expression or function.
